Gasification is the conversion process of low-grade solid fuel into gaseous fuel
Introduction
Gasification is an old technique practised in the early 19 th century to illuminate street with coal gas. The energy crisis in 1970 gave re-birth to gasification technology and demand for clean energy stimulates the research and development. Gasification is the conversion process of carbonaceous material into combustible gas by partial oxidation at high temperature [1] . Heat and combustible gases are the main products of gasification, ash, char, tar and non-condensable gases are by-products. Char is the carbonaceous solid residue of biomass, tar is a mixture of phenol, polycyclic aromatic hydrocarbons, and heterocyclic hydrocarbons [2] . The main gaseous products formed during gasification are CO, CO 2 , hydrogen, CH 4 , water vapour, and nitrogen from the air [3, 4] . During gasification process, fuel undergoes four stages namely drying, pyrolysis, gasification and combustion [5, 6] . Biomass and coal are the main fuel for the gasification process.
-------------- [21] and Loha et al. [22] , respectively. The root mean square (RMS) values are calculated using eq. (2), Karmakar et al. [21] used 50 kg per hour bubbling fluidised bed gasifier and sand as bed material with the mean diameter of 0.334 mm. The reactor is made up of carbon steel, cylindrical in shape with an inner diameter of 0.5 m and 1 m in height. Loha et al. [22] used laboratory scale fluidised bed gasifier of 50 mm diameter and 1200 mm in height. Sand used as bed material and steam as a gasifying agent, heat is supplied by an electric furnace.
where N is the number of gas components.
Methodology
Elemental composition of fuel, the quantity of air, temperature and pressure of gasification are the input details for simulation. Basic elements of sawdust are C, H, O, N, and S; nitrogen and sulphur are generally neglected in gasification process because of its low content in fuels [10] . In order to analyze the effect of temperature on gas composition, temperature varied from 200 °C to 1200 °C by 100 °C, equivalence ratio value varied from 0.3 to 0.6 by 0.05 for both air and oxygen gasification. The lower limit of ϕ value is decided by the minimum quantity of gasifying medium required to burn the fuel and to produce sufficient heat for endothermic reactions [23] . When ϕ value < 0.3, it is difficult to run the gasifier due to insufficient gasifying medium and if ϕ > 0.6, it leads to combustion instead of gasification. Calculated sawdust stoichiometric oxygen to fuel ratio and air to fuel ratio are 1.22 and 5.29, respectively. Combustible gas composition (H 2 , CO, and CH 4 ), gas heating values (HHV and LHV), CCE, CGE are found. Proximate and ultimate analysis details of sawdust and rice husk are shown in tab. 1. 
Method of data processing
The HHV of the gas mixture is calculated from final gas composition given by Xiao et al. [25] : The LHV of the gas mixture is calculated from final gas composition given by Cheng et al. [26] : 
where gas components are mentioned in mole percentage. Gas yield is defined as the flow rate of total inert-free gas produced to flow rate of the dry and ash free value of feedstock [27] . Gas yield, Y, is calculated from eq. (5) given by Ngo et al. [28] . 
The LHV of sawdust is calculated from eq. (6) given by Proll and Hofbauer [29] :
where saw dust elemental components are mentioned in mass fraction.
Cold gas efficiency (CGE) is the ratio of energy present in the syngas to the energy present in the sawdust. Hydrogen production is indicated by CGE [30] . Carbon conversion is defined as the total carbon content of the gas produced (CO, CO 2 , and CH 4 ) to the total carbon content of feedstock [27] . The CGE and carbon conversion efficiency (CCE) are calculated from eqs. (7) and (8) given by Cheng et al. [26] :
where gas components are mentioned in mole percentage and carbon in mass percentage.
Result and discussion
Biomass gasification influenced by temperature, pressure, fuel composition, moisture content, type of gasifier, gasifying medium and residence time [31, 32] . The analysis of gas composition is done with respect to temperature and equivalence ratio. Oxygen gasification and steam gasification are the common methods followed to improve gas heating value and product gas is free of nitrogen when oxygen and steam are gasifying mediums. For steam, the process becomes allo-thermal, heat has to be supplied externally [33] . Oxygen gasification produces a high yield of hydrogen but the separation of oxygen from air is an energyintensive process [30] .
Effect of temperature on gas composition
The operating temperature of the gasifier is limited by the volatile content of the fuel, production of NO x , ash fusion temperature and material used [34, 35] . Gasification temperature is less than 900 °C for biomass due to the presence of high volatile matter [36] . Temperature affects the gas composition, carbon conversion, amount of char formation, gas yield, gas heating value, and gas efficiencies. Performance of gasifier depends on the thermodynamic behaviour of reactions and balance between endothermic and exothermic reactions [27] . Temperature influences Boudouard reaction, steam reformation and water-gas shift reaction [10] . Gaseous product composition of air and oxygen gasification are comparable but wide variation in mole percentage occurs due to the absence of nitrogen in oxygen gasification. The CO formation takes place during the devolatisation stage by carbon partial oxidation, Boudouard reaction and primary water gas reaction [37, 38] . Chemical reactions taking place in the gasifier are listed in tab. 2. Combustible gas composition variation with the operating condition in air and oxygen gasification is shown in fig. 1 . In air gasification, H 2 increases up to 700 °C for ϕ = 0.3-0.45 and for other ϕ values it increases up to 600 °C. In oxygen gasification, H 2 increases up to 800 °C for ϕ = 0.3 and for other ϕ values it increases up to 700 °C. The decrease of H 2 after peak value is explained by Le Chatelier's principle, above 900 °C hydrogen production decreases due to the exothermic behaviour of water-gas shift reaction [10] . Maximum H 2 % of 20.81 and 33.84% are attained at ϕ = 0.3, in air and oxygen gasification, respectively. The CH 4 content decreases except for initial temperature rise (200-300 °C), the maximum value of 3.99% reached at ϕ = 0.3 in air gasification. The CH 4 content increases up to 400 °C, the maximum value of 8.49% reached at ϕ = 0.3 in oxygen gasification. The variation of the CH 4 composition is due to production and consumption of CH 4 in exothermic reactions at low temperature [39] . Rise in temperature decreases CH 4 due to further cracking and reforming reactions [40] . The extended increase of CH 4 in oxygen gasification is explained by the effect of temperature on CH 4 production depends on gasifying agent [11] . Increase in temperature increases CO content for all equivalence ratio, the maximum value of 28.73% and 47.40% are attained at 1200 °C for ϕ = 0.3 in air and oxygen gasification, respectively. The CO% is less than 4% up to 600 °C, low CO concentration is due to water gas shift reaction. The CO content increases with the rise in temperature due to Boudouard reaction and primary water gas reaction [41] [42] [43] . 
Effect of equivalence ratio on gas composition
The optimum value of ϕ for biomass gasification varies from 0.2-0.4 and selection of ϕ values depend on the application of producer gas [44] . In actual practise change in equivalence ratio alters temperature, which in turn changes equilibrium condition and thus gas composition varies [21] but, in simulations equivalence ratio is varied without altering the temperature. The amount of air supplied is 4.35 times greater in mass than oxygen supply for any fuel. Reduction in gasifying medium requirement decreases size and power consumption of auxiliary components of the gasifier. For both air and oxygen mediums, increase in ϕ value decreases H 2 and CH 4 content for all temperature. Up to 400 °C H 2 reduction with the increase in ϕ value is less than 2% for both gasifying mediums. Maximum H 2 reduction of 12.29% and 16.33% are observed in air and oxygen gasification at 1200 °C. After 700 °C CH 4 is less than 1% for both gasification at all ϕ values except for ϕ = 0.3 and 0.35 in oxygen gasification. Equivalence ratio has no effect on CO up to 500 °C and at higher temperatures, CO% decreases with increase in ϕ value for both gasifying mediums. The CO reduction is justified by combustion occurrence at high ϕ value, improved char burning produces more CO 2 other than combustible gases [45] .
Gas heating value and cold gas efficiency
Gasifier bed temperature alters both gas composition and gas heating value. For air gasification, maximum HHV of 5.96 MJ/Nm 3 is attained at 700 °C for ϕ = 0.3. At the corresponding operating condition, LHV = 5.53 MJ/Nm 3 and CGE = 82.77% are obtained. For oxygen gasification maximum HHV of 9.85 MJ/Nm 3 is attained, corresponding LHV = 9.18 MJ/Nm 3 and CGE = 83.95% are obtained at 800 °C for ϕ = 0.3. Heating value fairly remains constant above 700 °C although the composition varies. Maximum CCE of 99.89% reached at 800 °C and remains constant up to 1200 °C for both air and oxygen gasification.
At a high temperature heating value of gas decreases due to the reduction of CH 4 and light hydrocarbon production [45] . Combustion is effective at high temperature which improves CO 2 and N 2 production [46] . Carbon conversion increases with the rise in temperature due to oxidation and gasification reactions which in turn increase the gas yield [27, 35, 47] . Calculated HHV, LHV, CCE, and CGE are shown in fig. 2 . 
Model validation
Simulation values differ from experimental values due to assumptions present in the equilibrium modelling, in order to accommodate this variation, the accuracy of the simulation has to be analysed. Rice husk air and steam gasification simulation values are compared with experimental values of Karmakar et al. [21] and Loha et al. [22] , respectively. For air gasifi- 
Conclusion
Air and oxygen gasification simulation of sawdust is carried out to find out the gas composition at the different operating condition. Gas heating values, cold gas efficiency and carbon conversion efficiency are found. The H 2 , CO, CH 4 , CO 2 , and H 2 O are the main gaseous products formed during oxygen gasification, additionally N 2 present in air gasification. All other gaseous products formation is less than 0.5% in both gasifications. Air gasification reaches 99.8% CCE at 600 °C for ϕ = 0.5 and oxygen gasification reaches it at 700 °C for ϕ = 0.35. Air gasification reaches, maximum gas HHV of 5.96 MJ/Nm 3 at 700 °C for ϕ = 0.3 and oxygen gasification reaches 9.85 MJ/Nm 3 at 800 °C for ϕ = 0.3. Maximum CGE of 84.37 and 84.73% reached by air and oxygen gasification, respectively, at 1200 °C for ϕ = 0.3. 
Nomenclature

